Abstract The innovative electrochemical monitoring probe (BIOX) recently developed to improve the antifouling treatments of cooling systems in industrial plants is presented. On the basis of the good results obtained from applications on marine sites, some research has been started to validate this technique in biofilm growth and prevention of microbial corrosion in fresh and drinking waters.
Introduction
Biofilms are able to change the electrochemical characteristics of passivable metals' surface, both in aerobic and/or anaerobic environment (Mollica, 1992; Chandrasekaran and Dexter, 1993) . The mechanism involved is the modification of the kinetic of corrosion processes occurring at the metal-biofilm interface and mainly the acceleration of cathodic discharges of chemical species, as oxygen in aerobic condition, caused by bacteria activity in the biofilm. The latter electrochemical effect of biofilm growth, the acceleration of oxygen reduction in aerobic condition on passive alloys, is usually named "cathodic depolarisation" (Mollica, 1992) .
Existing commercial systems monitor, in different ways, the degree of "cathodic depolarisation" on stainless steel samples during their exposure to natural waters and utilise it as an index of the biofilm development on SS (stainless steel) surfaces (Mollica, 2000) .
In principle the evolution of "cathodic depolarisation" induced by biofilm growth can be monitored in, at least, two classical ways: 1. in potentiostatic way; depolarisation is revealed by an increase of the cathodic current when SS sample is polarised at a fixed cathodic potential, 2. in intentiostatic way; depolarisation is revealed by an increase of the SS potential when a fixed cathodic current is imposed on the sample. For practical purposes the two above mentioned classical techniques can be approximated by quasi-potentiostatic and quasi-intentiostatic techniques which, in turn, can both be applied using the very simple basic circuit shown in Figure 1 (Mollica et al., 1990) .
The circuit consists of a SS sample (in form of a pipe in the example shown in Figure 1 ) coupled, through an external resistor, to a less noble material which plays the role of sacrificial anode: the choice of the resistor value and of the sacrificial anode nature determines which technique (quasi-potentiostatic or quasi-intentiostatic) is applied to the SS sample playing the role of the cathodic element of the galvanic couple. Tests were firstly performed in natural seawater using as biofilm sensor the circuit above described, arranged in order to apply a quasi-potentiostatic cathodic polarisation to the SS element; for this purpose, iron was chosen as anode in order to polarise the SS sample at a potential level close to -500 mVs and a low resistor value was fixed in such a way that for a cathodic current density of about 10 µA cm -2 (magnitude of the maximum cathodic current observed at the above mentioned potential on SS samples when biofilm is totally developed on the surface), a maximum ohmic drop of about 10 mV is measured across the resistor. As stainless steel element, a 6 Mo quality was chosen in order to avoid any corrosion problems but the choice of the SS type is not strictly binding, taking into account that the SS element is cathodically protected and that the phenomenon of the "cathodic depolarisation" induced by biofilm growth was found to be essentially independent from the SS quality.
Although extremely simple, this electrochemical sensor showed a very high sensitivity to the biofilm growth during the early phase of its development (see example in Figures 2A  and B showing the results of a test performed in seawater). Figure 2A shows the evolution of the mean bacterial population density on SS samples (each point plotted in Figure 2A was obtained from direct counts, at SEM, of settled bacteria observed on 50 fields of about 300 µm 2 randomly chosen on a small SS sample exposed to flowing seawater) whereas Figure 2B shows the cathodic current, plotted in a normalised form, delivered by the SS element of the sensor concurrently exposed to the same flowing seawater.
It can be seen that the trend of the data plotted in Figures 2A and 2B suggest, in agreement, an incubation time of about 4 days and an increase of about one order of magnitude during the following 3 days.
It can be seen, in addition, that the signal provided by the electrochemical sensor moves from the base line when the mean bacteria density overcomes a level of about 10 6 bacteria cm -2 : it means that the sensor reveals the biofilm presence starting from a very small biofilm amount developed on a few percent of the whole SS surface. Later on, when the bacteria density reaches a value close to 10 7 bacteria cm -2 , the electrical signal goes into saturation.
Similar conclusions were reached in repeated tests in which exposure time, flow rate and seawater temperature (up to 40°C) were changed (still unpublished data).
BIOX probe
A new version of the basic electrochemical sensor shown in Figure 1 was set by CESI in collaboration with CNR-ICMM of Genova (BIOX probe; CESI international patent, 1996) , and then applied, since 1996, in Italian power plants in order to optimise the antifouling treatments based on oxidant biocides, mainly chlorination (Cristiani et al., 1997; Cristiani and Giancola, 2000) .
This new biofilm sensor works applying a quasi-intentiostatic cathodic polarisation to the SS element. At this purpose circuit shown in Figure 1 was arranged as follows: the (Mollica, 2000) .
anode was made of zinc and the resistor was chosen high enough to strongly limit galvanic current in such a way to cause an ohmic drop close to 1 V when a cathodic current density of some 0.1 µA cm -2 is delivered by the stainless steel element.
Taking into account the very little galvanic current allowed to circulate between the two elements, zinc can be considered as a non-polarised anode and, concurrently, as a sufficiently stable "reference" electrode for the measure of the SS potential. This way, the SS potential can be directly read as ohmic drop across the resistor. Owing to the "cathodic depolarisation" of SS electrode due to the biofilm growth, the increase of the ohmic drop provides an index of the biofilm development on the SS surface.
Indeed BIOX sensor signalises biofilm growth by an increase of the ohmic drop across the resistor from 400-500 mV to a maximum of about 1,400 mV.
Compared with the previous electrochemical sensor (based on a quasi-potentiostatic technique), the new BIOX sensor (based on a quasi-intentiostatic technique) keeps the very simple structure shown in Figure 1 , maintains the same high sensitivity regarding the first phases of the biofilm growth (the two sensors are both based on the same phenomenon : the "cathodic depolarisation") and offers the following advantages arising from the strong limitation of the cathodic current density on the SS element: 1. Carbonate precipitation on the SS electrode is now avoided so that it is not necessary to often clean the sensor in order to maintain electrochemically active the whole SS surface. Indeed during a lab test the BIOX sensor worked continuously for one year without any maintenance except two occasional mechanical cleanings with a nylon brush; normally, no maintenance is applied to the BIOX sensors now utilised in power plants. 2. The BIOX probe works not only in seawater but also in solutions with a relatively high resistivity too (current circulating inside the sensor is yet strongly limited by the external resistor). Figure 3 shows, as an example, the signal provided by four BIOX sensors concurrently exposed to flowing river water. 3. The new sensor offers an additional advantage in case of application of antifouling procedure based on intermittent chlorinations. Indeed, the sensor is able to reveal the temporary presence in solution of the added oxidant: if the SS element of the sensor is clean (or in the initial phase of bacteria colonisation) the BIOX sensor signalises the intermitent chlorination with a spike whose height is proportional to the local chlorine concentration in the range 0.2-1 mg/l. An example of the whole information provided by a BIOX sensor is shown in Figure 4A in which the initial two spikes signalise its application in a power plant of two chlorine addition (0.5 ppm for 0.5 hours) and the following gradual increase of the signal indicates that, when chlorination is stopped, biofilm growths after an incubation time of about 4 days. On the basis of the information provided by the BIOX sensor, the plant personnel can easily deduce if the applied chlorination program can be reduced, saving money, or must be increased (as concentration or frequency) and observe, in real time, the effect of the new program (Cristiani and Agostini, 1999 ). An example in Figure 4B shows that the chlorination program initially applied in a power plant (four chlorination/spikes a day) was correct because it was not only sufficient to completely avoid biofilm formation (the base signal stays stable at low level) but was also able to rapidly destroy the biofilm grown during the period in which, for unwanted reasons, chlorination was temporarily stopped (the biofilm growth is signalised by a ramp of the signal and the biofilm destruction is signalised by the return to the initial base line when chlorination is reapplied). The decrease of the chlorination frequency to one per day (instead of four per day) shows that the new chlorination program was, however, not sufficient to control the biofilm growth, because the baseline of the signal increased its value. Based on the BIOX signal, at last it was possible to optimise the chlorination in plant, modifying its frequency during the year.
A last remark about the biofilm electrochemical sensors: this kind of sensor really signalises, as already described, the onset of the phenomenon of "cathodic depolarisation" induced by biofilm growth, a phenomenon which, in turn, was proved to enhance the risk of localised corrosion onset on SS and then to sustain a higher propagation rate of localised corrosions.
It means that if the biofilm growth is controlled at the level just signalised by an electrochemical probe, the onset of the main cause of microbial induced corrosion (MIC) will also be concurrently avoided (Cristiani and Giancola, 2000) .
Indeed in a lab test that lasted for one year, the signal provided by the BIOX sensor was utilised to apply, in an automatic way, a single chlorination (a shot of 0.5 mg/l of chlorine, 30 minutes long) each time the signal provided by the sensor exposed to seawater overcame a prefixed value.
The sensor judged that a single chlorination shot every 1.5 days during summer and about every 6 days during the winter was sufficient to maintain control of the biofilm (this frequency was of about one order of magnitude less than the usual chlorination frequency normally applied in power plants).
At the end of the year SS pipes put in series with the BIOX probe, and hence treated in the same automatic way, appeared not only totally clean but in addition their corrosion (crevice corrosion) rate was more than 100 times less than the corrosion rate observed in an equal but untreated loop.
Conclusions
The BIOX electrochemical sensors can be applied with the same configuration in fresh water as in seawater to monitor early stages of biofilm growth and to optimise chlorination treatments. The results suggest possible application in a wide range of Cristiani and Agostini, 1999) 
